We have synthesized and structurally characterized a series of centred cuboctahedral copper clusters, C NMR, IR, UV-visible, emission spectroscopy, and the structures 2a-b, 3d-e, 4e and 5a were established by X-ray diffraction analysis.
Synthesis and structural characterization of inverse-coordination clusters from a two-electron superatomic copper nanocluster † . Cluster 1a is the first structurally characterized copper cluster having a Cu 13 centered cuboctahedral arrangement, a miniature of the bulk copper fcc structure. Furthermore, the partial Cu(0) character in the 2-electron superatoms 1 was confirmed by XANES. Inverse coordination clusters 2-5 are the first examples of copper clusters containing main group elements (Cl, Br, S) with a hyper-coordination number, twelve. A combined theoretical and experimental study was performed, which shows that the central copper (formally Cu 1À ) in nanoclusters 1 can be replaced by chalcogen/halogen atoms, resulting in the formation of clusters 2-5 which show enhanced luminescence properties and increase in the ionic component of the host-
Introduction
The concept of inverse coordination, as recently dened by Haiduc, 1 applies to metal complexes in which the arrangement of acceptor and donor sites is opposite to that occurring in Werner-type coordination complexes. Inverse coordination complexes are formed around a non-metal species as the central atom (ion) surrounded by a number of metal atoms (ions) connected or not by internal bridging (intramolecular) linkers. Thus, discarding the nature of metal-metal interactions (if any), inverse coordination complexes can be simply viewed as transition-metal clusters (with or without metal-metal bonding) encapsulating a main-group anion.
In recent years, our group has developed the chemistry of anion-encapsulated Cu I and Ag I clusters bridged by dichalcogenolate ligands (dithiocarbamates and dichalcogenophosph(in)ates).
2 Various high-coordination numbers have been observed and rationalized for anions located at the centre of such d 10 -metal clusters. 3 For instance, cubic metal clusters containing an octa-coordinated encapsulated anion are known (Chart 1, le side).
4 Nona-coordination of a halide or a chalcogenide, where the encapsulated anion lies at the center of an M 11 pentacapped trigonal prism (Chart 1, middle), has also been shown to exist.
4,5 Later, we reported the rst example of a dodeca-coordinated iodide lying at the center of an Ag 12 cuboctahedron (Chart 1, right side).
4 Lang and coworkers reported a cluster having a similar coordination environment for iodide in a cuboctahedral copper core.
4h It is worth noting that in the examples illustrated in Chart 1, no formal covalent bonding exists between the d 10 metal centers, but only some metallophilic interactions.
6
Understanding the mechanisms of nanocluster (NC) formation and reactivity is an important step toward the tailoring of new functional materials.
1 A substitution reaction is a typical chemical reaction where an atom or a functional group of a molecule is replaced by another atom or functional group.
7
Compared to substitution reactions on a terminal ligand, substituting an inversely coordinated anion is much more difficult to perform due to the relatively high activation energy associated with this process.
8 As far as we know, organometallic complexes with a main-group element in a very high coordination number have never been synthesized via the substitution reaction.
Recently, we reported the synthesis and characterization of a series of group 11 cuboctahedral metal NCs of the general formula [Cu 12 (m 12 -M)(S 2 CNR 2 ) 6 
In a rst approximation, the bonding within these 2-electron superatoms can be described as resulting from the interaction of an encapsulated and formally M À anion with a cuboctahedral cage composed of twelve Cu I ions. One fascinating query is whether it should be possible to substitute the encapsulated closed-shell M À anion by a closed-shell main-group anion, and further on, to replace this encapsulated main-group element by another one, the corresponding substitution reactions occurring without cluster disintegration. Herein, we report the detailed synthesis and characterizations of chalcogen-and halogen-centred copper cuboctahedra. The compounds exhibit three distinct features: (1) the Cu 12 framework stabilized by both dithiocarbamate (dtc) and acetylide ligands is unprecedented; (2) the reported m 12 -S species are the very rst compounds exhibiting a twelvecoordinated chalcogen encapsulated in a copper cluster; (3) the reported m 12 -Cl species constitute the only third example of a twelve-coordinated halogen in coordination chemistry. 6 ], [11] [12] [13] and none of them has a cuboctahedral metal core. Fig. 1 Positive mode ESI-MS of 1b (a) and 2b (b). Insets: experimental and simulated mass spectra. 14 The effect of Cu oxidation state(s) and cluster nuclearity is evident in the Cu K-edge X-ray absorption near-edge spectra (XANES) of 1a-d (Fig. 2) , which was characterized by X-ray crystallography (vide infra).
Results and discussion

Synthesis and characterization
We have increased the yields in the production of compounds 3 by designing an alternative synthetic procedure. The direct synthesis involved the reaction of a terminal alkyne with a THF suspension of Cu I salts and dtc ligands followed by the addition of few drops of triethylamine (Scheme 2). The reaction mixture was stirred at room temperature for ten minutes followed by the addition of tetrabutylammonium halide. The resulting solution was stirred for 12 hours, leading to the isolation of compounds 3e and 4e with 45% and 52% yields, respectively. The spectroscopic data of 3e and 4e are fully consistent with their X-ray structures described below (Fig. 3) . The positive-ion ESI mass spectra clearly display a prominent band for the molecular ion [3a-PF 6 ] + at m/z 2354.8 (calcd 5 show one set of ligands illustrating that the molecule is highly symmetric in solution. This is consistent with the ligand distribution pattern in 1, implying their similarity in structure. Indeed, the 1 H chemical shis of 1a and 5a are similar but their integration ratios are different. Clusters 1-4 contain six dtc ligands and four alkynyl groups, whereas the 1 H NMR spectrum of 5a shows the integration value of three alkynyl groups for six n-butyl dtc ligands. The replacement of one of the alkynyl groups with chloride is further conrmed by the ESI mass spectrum, where 5a shows the molecular ion [5a] + peak at m/z 2308.4 (calcd 2306.6) (Fig. S11 †) .
Structural analysis
The single-crystal X-ray structures of 1a, 2a, 2b, 3d, 3e and 4e are given in Fig. 3a , b, S5, S12, † 3c and d respectively. Corresponding relevant metrical data are given in Table 2 . They all clearly show an X-centered Cu 12 cuboctahedron (X ¼ Cu (1), S (2), Cl (3d, 3e), Br (4e)). The six square faces of the Cu 12 cuboctahedron are capped by six dtc ligands, each of them bridging four metal centres in a (m 2 , m 2 ) binding mode. As
Scheme 2 An alternative method for the synthesis of 3e and 4e. (1a) . This is exemplied by the larger dispersion of the CuCu and X-Cu distances. All these structures exhibit one rather long X-Cu distance ( . The average Cu-Cu distances in compounds 2a-b, 3d-e and 4e are larger than in the Cu-centered cluster 1a, the largest value corresponding to the bromine-centered cluster 4e, presumably owing to the larger size of bromine. In this particular compound, the Cu-Cu distance overpasses the sum of the van der Waals radii and it can be anticipated that the entrapment of anions larger than bromide into the Cu I 12 cage would destabilize the structure. For all the structures reported in Table 2 , the Cu-S(dtc) Cu-C and C^C bond distances (Table 2 ) are in the normal range and vary little across the series. The highest coordination number found in the literature is 8 for chloride and 9 for bromide.
4 Thus, to the best of our knowledge, compounds 3d-e and 4e are the rst isolated examples of m 12 -chloride and m 12 -bromide encapsulated in molecular compounds. In these clusters, as well as in the copper-and sulde-centered species, the central atom plays a template role in the formation of this large cluster. This cuboctahedral conguration represents a marked contrast with the centered icosahedral geometry observed in the core unit of [Ag 20 4h). In the case of 1a, the metallic core is, to the best of our knowledge, the rst example of a copper-centred Cu 13 cuboctahedron, identical to that observed in the fcc structure of bulk copper.
The X-ray structure of 5a ( Fig. 5 and Table 2 ) can be derived from that of 3 by replacing one of the four m 3 -alkynyl moieties by an isolobal m 3 -Cl ligand, which lowers the cluster ideal symmetry from T d to C 3v . Apart from this substitution, the structure of 5a is similar to that of clusters 3. Not considering bonding with the encapsulated chloride, three among the twelve copper atoms are in the CuS 2 Cl coordination, leaving nine other metals in a CuS 2 C coordination. 5a exhibits a broad range of Cu-Cu distances (2.563-3.245Å). The corresponding average value (2.781Å) is shorter than that observed in 3d (2.844 A). The average Cu-(m 12 -Cl) distance in 5a (2.778Å) is substantially larger than that corresponding to the Cu-(m 3 -Cl) distance (2.321Å). Interestingly, the C^C distances of 5a (avg. 1.134Å) are signicantly shorter than that of the tetra-alkynyl species reported in Table 2 (avg. 1.19-1.22Å).
Optical properties
It is fascinating that a single atom alteration between clusters 1-3 can lead to diverse variances in their UV-vis spectra (Fig. 6 ). The homo-nuclear Cu 13 cluster (1a) looks pinkish to the naked eye, whereas the sulde-(2a) and chloride-(3a) centred clusters appear to be orange. The UV-vis spectrum of 1a shows broad multiband optical absorption (at 337, 513, 540, 571 nm) and an intense absorption band at 287 nm, whereas the inverse coordination clusters 2a (317, 450 nm) and 3a (312 nm) show different patterns in their UV-vis spectrum. Substitution of the central metal atom (Cu) in 1 with main-group elements like sulfur and halogen increases the intensity of photoemission. At 77 K clusters 2a and 3a exhibit a structureless emission band, centred at 562 and 585 nm, respectively (Fig. S13 †) . On the other hand, the compound 1 is almost non-emissive. valence 3s and 3p orbitals can interact with the a 1 and t 2 accepting orbitals of the cage. However, because of the poor energy match between the interacting orbitals, the covalent interaction is weak. Thus, in the case of X ¼ halogen or chalcogen, the host-guest bonding is dominated by its ionic component. Similar structural and bonding conclusions can be drawn for 5 0 (simplied model for 5a) and the hypothetical [Cu 12 (m 12 -Cl)(dtc) 6 Cl 4 ] + (6 0 ).
In order to better reproduce the electronic properties of the experimental alkynyl ligands, models with CCR 0 ¼ CC(COOH)
were also computed, keeping dtc ¼ S 2 CNH 2 . These models, namely 1 00 , 2 00 and 3 00 , were considered for X ¼ Cu, S and Cl, respectively. Interestingly, the resulting optimized structures exhibited distorted geometries of C 1 symmetry (see Table 3 ). Whereas the distortion remains small in the case of 1 00 , it is substantially larger for 2 00 and 3 00 . This is exemplied by the large dispersion of the Cu-X distances in 2 00 and 3 00 ($2.4-3.0Å
and $2.7-3.3Å, respectively), as compared to that in 1 00 ($2.6-2.7Å). Nevertheless, the averaged values computed for 1 00 -3 00 (Table 3) are very close to that of the symmetrical 1 0 -3 0 models.
So are also the X NAO charges. It is noteworthy that the distortions away from ideal T d symmetry afforded by 2 00 -3 00 are not equivalent to those exhibited by the clusters 2 and 3 reported in Table 2 . These distortions appear rather random and likely result principally from steric and/or crystal packing forces in the investigated clusters. The fact that in solution clusters 2-4 show only one set of ligands (in line with T d symmetry) at the NMR time scale is consistent with the primarily ionic character of the bonding between the encapsulated halide or chalcogenide and its [Cu 12 ] 12+ cage, as well as with the weak Cu + -Cu + interaction along the cuboctahedral edges. As a whole, our experimental and computed data indicate that clusters of the type 2-4 have a so exible shape resulting from the ionic, nondirected, nature of their host-guest interaction. Time-dependent DFT (TD-DFT) calculations were performed to simulate the UV-vis spectra of clusters 1-3. Because of their high symmetry, the spectra obtained for the 1 0 -3 0 T d models (Fig. S14 †) are more structured than that of their 1 00 -3 00 homologs (Fig. 6b) , the latter being thus closer to the experimental ones (Fig. 6a) . The low-energy band observed for 1a at 540 nm is computed at 538 nm for 1 0 and corresponds to a HOMO (a 1 )-LUMO (t 2 ) transition, a mixture of MMCT and MLCT (L ¼ dtc) characters. As illustrated above in Fig. 7 , the 1S HOMO present in 1 0 does not exist in the halide-or chalcogenide-centered species. Consequently, the latter cannot exhibit the same low-energy band. The band observed for 2a at 450 nm corresponds to a HOMO (t 2 ) / LUMO (t 2 ) transition computed at 446 nm for 2 0 . It is of MLCT (L ¼ dtc) nature. A similar low-energy MLCT transition is computed at 390 nm for 3 0 . For the three models, the major transitions of higher energy are mainly of MLCT character.
Conclusions
In summary, we have isolated and fully characterized [Cu 13 (alkynyl) 4 (dtc) 6 ](PF 6 ) clusters, the rst copper-centred cuboctahedral copper NCs, a miniature of the bulk copper fcc structure, with partial Cu(0) character conrmed by XANES. Furthermore, they have been reacted to synthesize novel chalcogen-and halogen-centered cuboctahedral copper clusters [Cu 12 (m 12 -X)(alkynyl) 4 (dtc) 6 ] z+ (E ¼ Cl, Br, S). These clusters are the rst examples of compounds in which a sulde, chloride or bromide ion holds a so large coordination number (12) . Prior to this report, the highest coordination number for sulfur and bromine was nine, and eight for chlorine. Bonding interactions between the Cu 12 cuboctahedral cage and the encapsulated element (X), rationalized by DFT calculations, indicate that the covalent component of the host-guest bonding interaction decreases as Cu > S > Br z Cl. While the nature of the lowenergy band observed for 1a can be reasonably assigned as a mixture of MMCT and MLCT (L ¼ dtc) characters, it is primarily MLCT transition (L ¼ dtc) for 2 and 3. Strikingly, new compounds have been prepared via replacing alkynyl with chloride. This synthetic methodology may open an avenue for the rational synthesis of organometallic compounds other than the spontaneous self-assembly. The new compounds synthesized are well characterized and the physical properties are explained by both theory and experimental methods.
Experimental section
General procedures and instrumentation
All chemicals were purchased from commercial sources and used as received. Solvents were puried following standard protocols. All reactions were performed in oven-dried Schlenk glassware using standard inert atmosphere techniques. All reactions were carried out in a N 2 atmosphere by using standard Schlenk techniques. [Cu 28 H 15 (S 2 CN n Bu 2 ) 12 ]PF 6 was prepared by a slightly modied procedure reported previously in the literature and characterized. 19 NMR spectra were recorded on a Bruker Advance DPX300 FT-NMR spectrometer operating at 300 MHz. The chemical shi (d) and coupling constant (J) are reported in ppm and Hz, respectively. 31 P NMR spectra were referenced to external 85% H 3 PO 4 at d 0.00. The ESI-mass spectrum was recorded on a Fison Quattro Bio-Q (Fisons Instruments, VG Biotech, UK). XANES spectra at the Cu K-edge were recorded in transmission mode at beamline TLS-17C1 of the National Synchrotron Radiation Research Center (NSRRC), Taiwan. The electron storage ring was operated at 1.5 GeV with a beam current of 360 mA under top-up injection. A doublecrystal Si(111) monochromator was employed for energy scanning. Incident and transmitted beam intensities were measured using gas-lled ionization chambers. An appropriate amount of each sample was adopted to reach the optimal thickness with the spectral edge jump being roughly unity. A standard Cu foil was measured simultaneously by using a third ionization chamber so that energy calibration could be performed scan by scan.
General synthetic method for the isolation of 1
In a ame-dried Schlenk tube, [Cu 28 (H) 15 152.5, 78.5, 74.8, 62.6, 57.6, 20.5, 13.6; 31 P NMR (300 MHz, CDCl 3 ): À143.5 ppm; FT-IR data in KBr pellet (cm À1 ): 2961. 1, 2931.7, 2872.7, 2009.1, 1594.0, 1498.4, 1233.3, 1143.2, 1080.0, 1027.5, 941.4, 835.3, 719.8, 557 132.7, 130.9, 123.3, 122.8, 88.5, 78.2, 55.7, 20.3, 12. 152.5, 96.6, 84.5, 54.2, 51.9, 28.8, 20.2, 14.0; FT-IR data in KBr pellet (cm À1 ): 2962 .2, 2937 .2, 2874 .3, 2015 .1, 1694 .3, 1502 .3, 1297 .7, 1218 203.8, 152.6, 78.5, 74.7, 62.7, 51.9, 28.9, 19.8, 14.4, 13.5; 202.0, 131.6, 128.4, 124.2, 58.9, 28.8, 20.4, 14.2; 31 P NMR (300 MHz, CDCl 3 ): À143.5 ppm; FT-IR data in CsI pellet (cm À1 ):
2959. 4, 2932.0, 2889.2, 2020.4, 1739.6, 1502.2, 1292.6, 1220.6, 926.9, 843.4 203.5, 150.7, 95.8, 82.7, 54.6, 51.8, 28.8, 21.2, 13.7; 31 P NMR (300 MHz, CDCl 3 ): À143.5 ppm; FT-IR data in KBr pellet (cm À1 ): 2960. 6, 2933.5, 2877.5, 2020.2, 1686.4, 1507.6, 1292.4, 1220.8, 928.7, 842 .9.
X-ray structure determination
Single crystals suitable for X-ray diffraction analysis of 2a-b, 3d-e, 4e and 5a were obtained by slowly diffusing hexane into a concentrated dichloromethane/acetone solution at ambient temperature. The single crystals were mounted on the tip of glass bre coated in paratone oil, then frozen. Data were collected on a Bruker APEX II CCD diffractometer using graphite monochromated Mo Ka radiation (l ¼ 0.71073Å) at0.0806 [I > 2s(I)], wR 2 ¼ 0.2652 (all data), goodness-of-t on F 2 :
1.047. 1.015.
Computational details
Geometry optimizations were performed using DFT calculations with the Gaussian 09 package, 24 using the PBE0 functional 25 and the all-electron Def2-TZVPP set from EMSL Basis Set Exchange Library. 26 All the optimized geometries were characterized as true minima on their potential energy surface by harmonic vibrational analysis. The Wiberg bond indices were computed with the NBO 5.0 program. 27 The UV-visible transitions were calculated by means of TD-DFT calculations, 28 at the PBE0/Def2-TZVP level. Only singlet-singlet, i.e. spin-allowed, transitions were computed. The UV-visible spectra were simulated from the computed TD-DFT transitions and their oscillator strengths by using the SWizard program, 29 each transition being associated with a Gaussian function of half-height width equal to 1500 cm
À1
. The compositions of the molecular orbitals were calculated using the AOMix program.
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